Calmodulin (CaM) functions depend on interactions with CaM-binding proteins, regulated by Ca 2+ . Induced structural changes influence the affinity, kinetics, and specificities of the interac- This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
like Ca 2+ /calmodulin-dependent protein kinase II (CaMKII), and noncatalytic proteins, like neurogranin (Ng). 1 Calmodulin interacts primarily in a Ca 2+ -bound form, but the apo form of CaM can also interact with CaMBPs, giving CaM an active role over a broad range of Ca 2+ concentration. The dynamics of the CaM interactome is not known as there is little information about the affinities of the interactions under different conditions and how it regulates the specificity of the interactions between CaM and CaMBPs. Here, we have devised biophysical methods that can provide both mechanistic and quantitative equilibrium-based and kinetic data, i.e., affinity (K D ) and association and dissociation rate constants (k 1 and k −1 ).
Calmodulin belongs to the helix-loop-helix motif (EF-hand) family of Ca 2+ -binding proteins and contains 2 pairs of canonical EF-hands that are separated by an -helical linker. 2 Binding of Ca 2+ to apoCaM induces a conformational change from a compact to an open form. It exposes a hydrophobic pocket in both the N-and C-terminal domains of
CaM involved in interactions with a broad range of target proteins. [2] [3] [4] Most proteins, like CaMKII, interact with Ca 2+ /CaM (open form), 5 while some proteins, like Ng and neuromodulin, have a preference toward apoCaM (compact form). 1, [6] [7] [8] Calmodulin-dependent protein kinase II is one of the major Ca GluA1-containing -amino-3-hydroxy-5-methyl-4-isoxazole propionic acid receptors (AMPA receptors), thereby increasing single-channel conductance. 13 Furthermore, CaMKII leads to increased insertion of AMPA receptors into the postsynaptic membrane, which further increases synaptic strength. 1 The interaction between Ca 2+ /CaM and CaMKII leads to autophosphorylation and activation of the enzyme, which remains active even after it dissociates from Ca 2+ /CaM. 14 Neurogranin, together with neuromodulin and pep19, belongs to the calpacitin group of proteins that is primarily found in neurons.
Expression of Ng has been shown to correlate with the onset of synaptogenesis in rats and mice in brain regions that display high levels of neuroplasticity, like the hippocampus. 15 Neurogranin has a molecular weight of 7.8 kDa and has a sequence similar to neuromodulin in a region spanning 20 amino acids that contains an IQ motif The interaction between CaM and Ng has been characterized in 2 independent studies by using isothermal titration calorimetry (ITC).
They showed that Ng binds to CaM with nanomolar affinity in the absence and with low micromolar affinity in the presence 6, 8 of Ca 2+ .
The present study aimed to shed additional light on this interaction by a time-resolved approach using SPR biosensor analysis.
To supplement SPR experiments, we used microscale thermophoresis (MST) analysis as an orthogonal equilibrium-based method to study CaM interactions. The technique is based on the motions of molecules and dispersed particles in a temperature gradient. 26 Since thermodiffusion depends on the particle-solvent interface, which changes upon a binding event, monitoring the dose-response dependency of particles mobility allows the determination of equilibrium dissociation constant (K D ). 27 Another solution-based label-free method, UV fluorescence spectroscopy, was used as a third strategy to study the interactions between Ca 2+ and CaM, validating the functionality of the designed assays. This method is commonly used for studies of CaM and monitors the changes in intrinsic tyrosine fluorescence in CaM upon Ca 2+ -induced conformational changes. 4, 28, 29 For the present study, we used a peptide of CaMKII including the CaM-binding site (CaMKII 290−309 ), and both full-length Ng (Ng fl ) and Ng-derived peptide containing an IQ motif (Ng 27−50 , Figure 1) . 2 RESULTS density within a replicate experiment was less than 1%, thereby providing comparable surface properties during the interaction analysis.
Biosensor surfaces for CaM interaction studies

Validation of CaM interaction studies
Calmodulin interactions with Ca 2+ and polypeptides were studied by several biophysical methods. The SPR, MST, and UV spectroscopic assays were all set up for analysis of the interaction between CaM and Ca 2+ to characterize the basic system and validate the methods.
Surface plasmon resonance provided data for the interaction between Ca 2+ and immobilized CaM, as shown in Figure 3A . The interaction was very rapid, so the association and dissociation rate constants could not be quantified. Steady-state affinity analysis was performed, and the macroscopic K D was determined to K D = 2.8 μM at
25
• C and K D = 3.2 μM at 22
• C ( Table 1 ).
The interaction between Ca 2+ and fluorescently labeled CaM was also analyzed at equilibrium by MST at 25
• C ( Figure 3B ). The affinity was similar, with K D = 3.0 μM (Table 1 ).
In addition, the interaction between Ca 2+ and CaM was measured at equilibrium by intrinsic tyrosine fluorescence, illustrated in Figure 3C . Experimental data, obtained at 22
• C, were approximated using Equation 3, and the observable affinity was estimated to EC 50 = 3.1 μM at a CaM concentration of 1 μM, with a corresponding slope factor of h = 1.6 ( Table 1) . The determined slope factor of 1.6 indicates positive cooperativity of Ca 2+ binding to the C-lobe of CaM.
Analysis of CaM-CaMKII 290−309 interactions
Using SPR biosensor analysis, the interaction between CaMKII 290−309
and immobilized CaM was observed at the presence of Ca 2+ , while no Figure 4A shows sensorgrams under Ca 2+ -saturated (main graph) and depleted (insert) conditions.
The experimental data could be described by a reversible 1-step showed that the sensorgrams were highly sensitive to variations in k t values ( Figure 4B ). Attempts to overcome the mass transport limitation by reducing the amount of immobilized CaM and increasing the flow rate to 90 μL min −1 were not successful. The kinetic parameters could therefore not be reliably estimated. For these reasons, the affinity for the CaM-CaMKII 290−309 interaction (K D = 7.1 nM, Table 2 ) was determined by steady-state analysis, as shown in Figure 4A .
Despite the difficulties in determining reliable kinetic rate constants, experiments with varying injection times were performed to obtain qualitative information about the interaction mechanism. Figure 4C shows that the sensorgrams from 3 different CaMKII 290−309 concen- The CaM-CaMKII 290−309 interaction under Ca 2+ -saturated conditions was also evaluated by MST analysis, as shown in Figure 5A . The MST-derived affinity was determined to K D = 190 nM, differing more than one order of magnitude from the SPR-derived affinity (Table 2 ).
Analysis of CaM-neurogranin interactions
The interaction between CaM and Ng 27−50 , a peptide containing the CaM-binding site of Ng fl and CaM, was initially studied in a similar manner as in the experiments with CaMKII 290−309 . Surprisingly, the interaction was only detected under Ca 2+ -saturated conditions ( Figure 6A ).
The relatively weak affinity was determined by steady-state analysis (Table 3) . As a control experiment, Ng 27−50 was immobilized by amine coupling, and CaM was injected as the analyte. Although
Ng 27−50 could be immobilized at high surface densities, theoretically sufficient for detection, an interaction with CaM was not detected (data not shown).
Since the results using Ng 27−50 were not in accordance with the previous data, 6, 8 experiments were performed also with Ng fl . For this, Ng fl was immobilized via antipolyhistidine antibody-coated biosensor surfaces by affinity capture, as illustrated in Figure 2 . Interactions of Ng fl with CaM were monitored both under Ca 2+ -depleted ( Figure 6B ) and Ca 2+ -saturated conditions ( Figure 6C ). In the absence of Ca 2+ , the kinetics of the interaction could be described by a 1-step interaction model (Scheme 1). The association rate constant was determined to (Table 3 ).
The interaction between Ng fl and CaM was further analyzed by MST, and Figure 5B illustrates the MST traces observed upon interaction.
The affinity at equilibrium was determined to K D = 890 nM (Table 3) .
Because of the low affinity between Ng and CaM in the presence of Ca 2+ , MST analysis would have required impractically high concentrations of Ng and was therefore not performed.
DISCUSSION
The 
Qualitative kinetic analysis of CaM-CaMKII 290−309 interactions
Surface plasmon resonance and MST analysis both demonstrated that Figure 4A does not correspond to the formation of a kinetically stable Ca 2+ /CaM-CaMKII complex. Simulations performed for the given interaction, using the approximated kinetic rate constants, showed high sensitivity toward variations of the mass transport coefficient, k t , resulting in rapid kinetics once the effect of k t on the association rate constant, k 1 , became negligible ( Figure 4B ).
It is worth noting that the interaction could be completely broken up by a short (15 s) injection of HBS-T-EDTA (data not shown).
The observed strength of the interaction can thus not be attributed to experimental artifacts due to unspecific binding, analyte precipitation, or other effects that do not correspond to a unspecific molecular recognition. Furthermore, practically identical dissociation curves for different injection times indicated that the interaction was not complex, and it was not meaningful to consider more complicated models than the simple 1-step interaction model shown in 1.
Despite the inability to reliably quantify the kinetic rate constants Phosphorylated -CaMKII has a considerably slower dissociation rate constant (< 1 × 10 −3 s −1 ) and therefore an affinity in the low picomolar range. 35 The affinity for the Ca 2+ /CaM-CaMKII 290−309 interaction determined by MST was more than 1 order of magnitude higher (Table 2) than determined with the SPR assay. 
Biosensor analysis confirms Ng 27−50 as a poor model system for full-length neurogranin
When performing biochemical studies using recombinant proteins, a decision has to be made regarding the form of the investigated protein. Truncated proteins are commonly used to reduce the complexity and difficulties associated with studying full-length proteins, like protein stability, solubility, and expression level. This was the case for CaMKII, which, as a wild-type protein presents considerable chal- This peptide is capable of substrate-directed inhibition of full-length CaMKII. 36, 37 The Ca 2+ -dependence of the substrate-directed inhibition mimicked the behavior of the full-length protein and the peptide, therefore, it is generally regarded as a valid model system to study the high-affinity interaction between CaM and CaMKII. Furthermore, as discussed in Section 3.2, the binding data obtained for CaMKII 290−309 seem to be in agreement with results for unphosphorylated CaMKII.
For Ng, the situation regarding the validity of using a truncated protein variant encompassing the IQ domain, which contains the CaM-binding site of Ng, is not as clear as for CaMKII 290−309 . In 2 previous studies, 6, 8 the role of the IQ domain of Ng (Ng IQ ) has been addressed experimentally, but the results were contradictory. In Kumar et al., 6 the authors conclude that Ng IQ-motif containing peptide can be regarded as a valid model for the full-length protein, while the results from Hoffman et al. 8 did not agree with this conclusion. The present results give support for concluding that the peptide is not a valid model system for full-length Ng.
While Ng 27−50 interacted with Ca 2+ /CaM with micromolar affinity (Table 3) , the interaction with apoCaM was not detected. These findings were at first intriguing, especially considering results from ITC analysis reporting nanomolar affinity of Ng 27−50 to apoCaM and micromolar affinity to Ca 2+ /CaM. 6 However, in a more recent study, where a similar peptide was used (Ng 26−49 instead of Ng 27−50 ), these results were not confirmed. Instead, fluorescence spectroscopy using Ng 26−49 indicated positive heterotropic cooperativity for Ca 2+ binding to CaM, while Ng fl indicated negative heterotropic cooperativity. 8 Furthermore, structural studies using nuclear magnetic resonance have shown that Ng 26−49 forms contacts with residues of CaM only within the C-lobe, while Ng fl forms contacts both with residues in the C-and N-lobe. 8 Such structural differences can be expected to result in considerable variations of the CaM-binding properties of Ng fl and the derived IQ-motif containing peptide.
In conclusion, the present data from SPR biosensor analysis confirms that Ng 27−50 is not a suitable model system for Ng fl for studying CaM interactions.
Quantitative kinetic analysis of CaM interaction with Ng
Having confirmed that Ng 27−50 is a poor model system for Ng, kinetic analysis was performed with the full-length protein. As discussed above, for the SPR analysis, Ng fl was immobilized to SPR biosensor surfaces by affinity capture. Calmodulin was injected as analyte in solution both in its apo-and Ca 2+ -saturated forms.
The influence of Ca 2+ on the kinetics of the CaM-Ng fl interaction was clearly seen (Figures 6B and 6C ). For the apoCaM-Ng fl interaction, both the association and dissociation rate constants could be resolved and corresponded to an affinity of K D = 480 nM (Table 3 ). There was a strong agreement between the affinity obtained by SPR and MST analysis, thereby supporting the validity of the determined K D values (Table 3) . Under Ca 2+ -saturated conditions, the kinetic rate constants were too rapid to be determined by SPR analysis, but it was shown that the affinity decreased to approximately
Compared with previous analysis on the CaM-Ng fl interaction, there is a good agreement of the present SPR-and MST-based results with previous ITC-based results 8 . In the presence of 150 mM potassium chloride (KCl), the affinity of the apoCaM-Ng fl interaction of K D = 480 nM, as determined by SPR and MST, is in good agreement with the affinity of K D = 800 nM determined by ITC. 8 The 
Role of bimodal neurogranin interaction with apo and Ca
2+ /CaM
Based on the present and previous binding data, 8 
CONCLUSIONS
The current project has demonstrated how a biophysical strategy can be applied to elucidate the dynamic details of the calmodulin interactome and its regulation via Ca 2+ . By studying the interactions of the isolated components directly and using a combination of real-time and equilibrium-based techniques in solution and on sensor surfaces, it was possible to extract details of the interactions. This has revealed distinctive features of the interactions between 2 proteins that interact with CaM in the apo form and the Ca 2+ -bound form. Specifically, it adds a further dimension to the understanding of how Ng regulates CaM dynamics in synapses.
MATERIALS AND METHODS
Proteins and peptides
Calmodulin 
Surface plasmon resonance biosensor-based interaction studies
Surface plasmon resonance (SPR) biosensor-based interaction studies were performed on a Biacore S51 instrument using CM5 sensor chips (GE Healthcare, Uppsala, Sweden). For the interaction studies, sensor surfaces were prepared by immobilizing CaM or Ng.
Calmodulin was immobilized by amine coupling at a temperature of 25
• C using a running buffer consisting of 10 mM HEPES, 150 mM The parameters for the responses when saturation is reached, R max , and for the offset, m, were fitted locally, while the K D was fitted as a global parameter, [L] corresponds to the ligand concentration.
For kinetic analysis, a 1:1 interaction model (Scheme 1) was globally fitted to the double-referenced data to determine the association rate constant, k 1 , the dissociation rate constant, k −1 , and the corresponding 
Ultraviolet fluorescence spectroscopy
Fluorescence measurements were performed on a Fluoromax-4 Spectrofluorometer (Horiba, Kyoto, Japan) at 22
• C using a 0.5 mL 4-side polished quartz cuvette (Hellma Analytics, Müllheim, Germany) with a 10 mm light path. Intrinsic tyrosine fluorescence of CaM was measured at an excitation wavelength of ex = 274 nm and an emission wavelength of em = 304 nm using slit widths of 1 nm and 10 nm, respectively. were analyzed using the NTAnalysis software (NanoTemper GmbH).
Affinity analysis using microscale thermophoresis
The macroscopic dissociation constant (K D ) was determined using Equation 4:
where [B 0 ] corresponds to the total concentration of target binding sites, [L 0 ] to the concentration of titrated ligand, and [BL] to the concentration of formed complex between ligand and target binding sites. 27 
